We have established animal models of HPV16-associated tumours with distinct levels of MHC class I expression. This model was used for examination of immune responses, production of cytokines and kinetics of immune cell subsets after IL-12 therapy of minimal residual tumour disease induced by CBA-4A (cyclophosphamide derivative) treatment. Upregulation of cytokine production was detected, compared to control animals without tumours. No differences in Th1/Th2 polarization of the immune responses after immunotherapy in animals bearing tumours with different surface expression of MHC class I molecules were observed. In the spleens of TC-1 (MHC class I + ) but not of TC-1/A9 (MHC class I -) treated tumour-bearing animals, the cytotoxic CD8 + cells detectable in 51 Cr microcytotoxicity assay, were found. In the spleens of TC-1/A9 but not of TC-1 tumourtreated animals, the NK activity measured as the lysis of NK-sensitive YAC-1 targets was detected. Down-regulation of the CD4 + and CD8 + subpopulations in spleens of tumourbearing animals were not restored after therapy. The percentage of CD25 + /CD4 + T regulatory (T reg ) cells in lymph nodes remained unchanged. The cytoreductive chemotherapy led to strong upregulation and accumulation of immunosuppressive immature myeloid Gr-1 + /CD11b + cells (IMC) in the spleens of treated animals. The accumulation of Gr-1 + /CD11b + cells was significantly decreased after subsequent IL-12 immunotherapy. These data suggest that elimination of IMC after IL-12 immunotherapy may be responsible for the improvement of antitumour responses after adjuvant IL-12 vaccination for the treatment of CMRTD.
Introduction
Interleukin 12 (IL-12) has been found in experimental animal models to be one of the most effective cytokines in cancer therapy (1) . The broad antitumour activity of IL-12 is likely related to its ability to target multiple cell populations including antigen-specific T cells, NK and NKT cells and antigenpresenting cells (2) (3) (4) . The mechanisms of IL-12 antitumour effects involve the development of Th1 cells. Interleukin 12 plays also a role in the activation of IFNγ production by NK and T cells and in T cell development (5) .
The efficacy of the treatment with recombinant IL-12 or cellular vaccines engineered to produce IL-12 have been shown in the treatment of minimal residual tumour disease after surgery or chemotherapy (6, 7) . Depending upon the tumour system, differential effectors are stimulated and may be involved in the antitumour response generated either by IL-12 alone (8) or after chemotherapy (9) (10) (11) (12) .
Cyclophosphamide is a DNA-alkylating chemotherapeutic agent with striking immunomodulatory properties that are widely used in cancer immunotherapy (13) . Early results suggested that cyclophosphamide is an inhibitor of suppressor T cells induced in tumour bearers (14) . Further studies have showed that cyclophosphamide induces development of spleen early myeloid cells (15) . Recently (16) , it has been demonstrated that these myeloid suppressor Gr1 + /CD11b + cells accumulate in the spleens of tumour-bearing animals and contribute to immunosupression in tumour bearers. Therefore, elimination of these cells may improve the antitumour response in cyclophosphamide-treated individuals.
As we have shown previously (17) , local immunotherapy with genetically modified tumour cell vaccines, expressing HPV16 E6 and E7 oncogenes and engineered to produce IL-12, can inhibit the growth of early tumour transplants of HPV16-associated tumours, as well as the recurrences after cytoreductive chemotherapy.
In this study, using a model of minimal residual tumour disease after cytoreductive chemotherapy (CMRTD) with the cyclophosphamide derivative CBM-4A and subsequent immunotherapy with IL-12-produced tumour vaccines, we analyzed the changes in the immunological characteristics of treated animals, important for successful therapy. Specially we examined changes in Th1/Th2 polarization, the presence of CD25 + /CD4 + T reg and immature myeloid Gr-1 + /CD11b + cells. Additionally, the cytotoxic activity of distinct effector cell populations during tumour growth and therapy was investigated. For these purposes, the murine experimental tumours (TC-1, TC-1/P3C10, TC-1/A9 and MK16/1/III/ABC) expressing HPV16 E6 and E7 oncoproteins with distinct expression of MHC class I molecules, established and transplanted in syngeneic C57/BL6 (B6) mice and mimicking human HPV16-associated neoplasms were utilized. The results show that spleen cells from mice subjected to this cytoreductive chemotherapy and subsequent adjuvant immunotherapy exhibited the cytotoxic effect measured in vitro, and substantial upregulation of Th1/Th2 cytokines. The adjuvant IL-12 immunotherapy accelerated down-regulation of immature myeloid Gr-1 + /CD11b + suppressor cells, which were upregulated by chemotherapy. The treatment had no effect on down-regulated CD4 + /CD8 + lymphocytes in the spleens of the tumour-bearing animals.
Materials and methods
Mice. C57BL/6 (B6) male mice, 8-10-weeks old, were obtained from AnLab Co., Prague, Czech Republic.
Cell lines. HPV16-associated, non-metastasizing, MHC class I positive cell line TC-1, immunogenic in syngeneic B6 mice (17) and two sublines of TC-1, including TC-1/P3C10 displaying a marked down-regulation of MHC class I molecules, kindly provided from the laboratory of Dr T.C. Wu (Dr ChienFu Hong), Johns Hopkins University, Baltimore, MD, and TC-1/A9 tumour cell line, deficient in MHC class I molecules were used (18, 19) . As a second model, spontaneously metastasizing, HPV16-associated MK16/1/IIIABC (MK16) tumour cell line, also MHC class I deficient, was also utilized (19, 20 5 cells/ml medium/48 h (7; Vonka and Sobotková, unpublished data). The cell lines were maintained in RPMI-1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine and antibiotics (complete medium) and were cultured at 37˚C in a humified atmosphere with 5% CO 2 . For the transduced cell lines, HAT selection medium was used. TC-1/A9 cells were maintained in d-MEM medium, also supplemented with 10% fetal calf serum, 2 mM L-glutamine and antibiotics.
Therapeutic protocol. For induction of CMRTD, B6 mice were inoculated s.c. with 1x10 5 tumour cells. After ~15 days, when the tumours reached a size of 2-3 mm in diameter, the mice were randomly divided into groups (8 mice per group) and injected i.p. with 150 mg/kg of bromine-substituted derivative of ifosfamide CBM-4A (racemic chlorobromofosfamide) preparation (7, (21) (22) (23) (24) . A week later, the mice were injected with a single dose of IL-12-producing, irradiated (150 Gy) TC-1 or MK16 cells (1.5x10 7 cells per mouse), in the vicinity of the s.c. tumours, or, twice a day, for two five-days cycles, with rIL-12 (R&D Systems, Minneapolis, MN, daily dose 0.5 μg/mouse). As control vaccines, genetically unmodified irradiated TC-1 or MK16 cells were used. The growing tumours were checked twice a week. The control groups, the 'chemotherapy only', 'rIL-12 or IL-12 producing vaccines only' were inoculated along with the experimental groups.
Flow cytometry. The MHC class I molecule expression on the tumour cells was determined by flow cytofluorometry with PE-labelled anti-mouse H-2K b (AF6-88.5), H-2D b (KH95) mAb. To determine CD4, CD8 and NK1.1 and CD25 positive cells, the FITC anti-mouse CD4 (L3T4) (RM4-4), FITC antimouse CD8a (Ly-2), (clone 53-6.7), PE anti-mouse NK1.1 NKR-P1B and NKR-P1C (PK136) and anti-mouse CD25 (IL2-Receptor-Chain p55) (PC61) were used. To determine GR-1/CD11b positive cells, FITC anti-mouse CD11b (integrin alpha M chain, Mac-1 alpha chain) (M1/70) and PE anti-mouse Ly-6G (Gr-1) were used. As isotype controls, FITC and PE-labelled antibody of irrelevant specifity were used. All products were purchased from Pharmingen, San Diego, CA. Flow cytometry was performed using LSR II flow cytometer (BD Biosciences, San Jose, CA).
Cytometric bead array (CBA) analysis. Supernatants obtained after 48-h cultivation of spleen lymphocyes (2x10 6 /ml erythrocytes were removed with ammonium chloridepotassium lysing buffer) were frozen. The CBA assay kit (BD Biosciences, San Diego, CA) allowing simultaneous detection and quantification (pg/ml) of soluble murine IL-2, IL-4, IL-5, IFNγ and TNFα in a single sample, was used according to the manufacturer's instructions.
In vitro depletion of CD8
+ , CD4 + and NK1.1 + cell subsets. Spleen cells collected from three immunized or naive (control) mice were treated with ammonium chloride-potassium lysing buffer (1 min) to deplete erythrocytes. The nylon wool-nonadherent (effluent) cells were collected and adjusted to the concentration of 10 7 cells/ml, and then purified by incubation with monoclonal antibodies against CD8 (2.43), CD4 (GK1.5) and NK1.1 (PK136) specifities to a concentration between 50-500 ng/ml/10 7 cells, together with complement (Baby rabbit complement, Cedarlane, Hornby, Ontario, Canada) for 45 min at 37˚C. 51 Cr microcytotoxicity assay. The cytolytic activity of the spleen effector cells was tested using the 51 Cr release assay, as described previously (19, (25) (26) (27) . 51 Cr-labelled tumour targets were mixed with the effector cells in various target-toeffector cell ratios in complete RPMI medium supplemented with mercaptoethanol (10 -5 M). The mixtures were incubated in triplicate in 96-well microtiter plates (Nunc, Roskilde, Denmark). Percent of specific 51 Cr release was expressed: [(cpm experimental release -cpm control release) / (cpm maximum release -cpm control release)] x 100. As target cells, TC-1 and TC-1/A9-IFNγ (MHC I-positive cells, prepared after 72-h cultivation of MHC I-negative TC-1/A9 cells in the medium supplemented with 50 U/ml IFNγ -RD Systems, Minneapolis, MN) were utilized (19) . For in vitro studies of NK activity, YAC-1 cells (28) , as a prototype of cells sensitive to natural killers (NK) and C1498 cells, relatively resistant to NK cell-mediated cytolysis (29) were used.
Statistical analyses. For statistical analyses, Student's t-test and the analysis of variance from NCSS (Number Cruncher Statistical System, Kaysville, UT) statistical package were used.
Results

Therapy of CMRTD with rIL-12 or IL-12-producing vaccines.
As shown in Changes in the lymphocyte subpopulations during the tumour growth and therapy. During tumour growth, chemotherapy and subsequent adjuvant immunotherapy, the percentages of CD8 + , and CD4 + , cells in the spleens of the tumour-bearing animals were significantly decreased. This decrease of CD8 + and CD4 + cells was not restored after chemotherapy or subsequent adjuvant immunotherapy (Fig. 2) . The amount of CD25 + /CD4 + T regulatory (Treg) cells remained unchanged (Fig. 3) .
Cytokine production. Chemotherapy and subsequent IL-12 immunotherapy of MHC class I-positive TC-1 tumours with the TC-1-IL-12 vaccine, led to significant upregulation of Th1 cell-produced cytokines IL-2 and IFNγ by spleen cells. Significant upregulation of IL-5, but not IL-4 (Th2-cytokines) was observed in both MHC class I positive and negative tumour-bearing animals ( Table I ). The cytokine production was higher in tumour-bearing animals compared to the healthy controls.
Cytolytic activities of lymphocytes. In the spleens of TC-1 (MHC class I + ) but not of TC-1/A9 (MHC class I -) tumourbearing animals, specific cytotoxic cells, detectable in 51 Cr microcytotoxicity assay were found. To investigate the participation of distinct cell populations, the spleen-derived lymphocytes were treated with monoclonal antibodies against CD4, CD8 and NK 1.1, in the presence of complement. The specific cytotoxic activity was removed after depletion of CD8 + population and persisted after removing CD4 + and NK1.1 + cells (Fig. 4) . On the other hand, cytotoxic activity of NK 1.1 + cells, measured as the percent of specific lysis of YAC-1 targets, was detected in the spleens of TC-1/A9 (MHC class I -) treated tumour-bearers (Fig. 5) . The cytotoxic activity of NK1.1 + cells was not observed in TC-1 (MHC class I + ) tumour-treated animals.
Effects on immature myeloid Gr-1 + /CD11b + cells. The cytoreductive chemotherapy alone (ifosfamide derivative CBM-4A) led to the upregulation and accumulation of immature myeloid Gr-1 + /CD11b + cells (IMC) in the spleens of treated animals, which was significantly decreased after subsequent IL-12 immunotherapy (Fig. 6) . These results suggest that IL-12 treatment could contribute to made rapid elimination of IMC.
Discussion
Immunotherapy with cellular vaccines engineered to produce IL-12 has been shown to be effective in the treatment of minimal residual tumour disease after chemotherapy. Importantly, the therapeutic effects have been observed on both MHC class I-positive and -deficient experimental tumours (7) . In this study, we have focused on the detailed analyses of the mechanisms underlying the immunotherapeutic effects of IL-12 used for the treatment of minimal residual tumour disease after chemotherapy. We paid special attention to the differences in immune responses between MHC class I-positive and -deficient tumours. Since it is known that cyclophosphamide and its derivatives play an active role in modulation of immune responses, we raised the question of how CBM-4A treatment can influence the activation of the immune system with IL-12, either in tumour-free or in tumour-bearing animals.
First, we have documented, using four E6/E7 expressing tumour cell lines, that the treatment with IL-12-producing tumour cell lines was effective against both MHC class I -positive and -deficient experimental tumours. As shown previously (7), this therapy was successful only on TC-1 and Table I . Cytokine production by spleen cells from mice after chemotherapy and subsequent IL-12 therapy. --------------------------------------------------------------------------------------------------- -
TC-1-derived tumours and similar results were also obtained after surgical therapy of these tumours (30) . However, the treatment of established tumours unlike the therapy of early transplants (7) with rIL-12 or with IL-12-producing vaccines was without any significant effect. On the other hand, adjuvant immunotherapy had no significant effects on another MHC class I-deficient line MK16. These data suggest that the difference in sensitivity between MK16 and TC-1 cells could not be explained merely by differences in the MHC class I expression on these tumours. Interestingly, no apparent differences in Th1/Th2 polarization of the immune responses after immunotherapy in animals bearing TC-1 tumour variants with different surface expression of MHC class I molecules were noticed, as determined by the analysis of selected Th1/Th2 expression by the spleen cells. On the contrary, although no differences in Th1/Th2 polarization were noted, we have shown in functional chromium release microcytotoxic tests that IL-12 induced an effective cytotoxic immune reaction, mediated by CTLs, only in animals bearing MHC class I-positive TC-1 tumours. The specific CTL-mediated cytotoxic activity of the spleen cells from animals bearing MHC class I-negative tumours remained under the detection limits of the test. On the other hand, NK activation was observed only in animals with MHC class I-deficient tumours.
Thus, these results indicate that the effects of IL-12 on CTL and NK cells can be modulated by the MHC class I status of the tumours. These results are in agreement with our previous studies in which immunization with irradiated MHC class I-negative but not -positive tumour cells expressing E6/E7 oncoproteins inhibited growth of the MHC class Ideficient tumours expressing the same oncoproteins (31) . Next, we analyzed the influence of the CBM-4A treatments on the capacities of the immune system to respond to IL-12, administered in the form of cytokine-producing tumour vaccines or as recombinant IL-12. Results from our study show that this therapy of tumours can be highly effective. This effectiveness is likely dependent on T cells (MHC class I-positive tumour), although a significant decrease in the number of CD8 + and CD4 + cells was observed. Cyclophosphamide and its derivatives are known to modulate cell lineages with immunosuppressive functions, namely T reg and IMC (32, 33) . While the effects on the T reg can stimulate the antitumour immunity, accumulation of IMC is known to be an immunosuppressive mechanism (34) . Therefore, rapid elimination of the IMC after chemotherapy could contribute to elimination of the recurrent tumours by the immune system.
Taken together, we have documented that effective treatment of the minimal tumour disease after chemotherapy with a cyclophosphamide derivative against MHC class Ipositive and -deficient tumours can be mediated by different mechanisms. Moreover, our data suggest that inhibition of the immunosuppression after chemotherapy can be another mechanism underlying the IL-12 effects.
